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SYNOPSIS: Spectral analysis and system identification algorithm are used to analyze a set of acceleration response records obtained from a shak-
ing table test. The method is based on the linear discrete time systems theory, and the soil-pile system can be represented as a linear filter of a finite 
order with time-varying coefficients. The recorded ground motion at the pile tip is the input, and the motion at the different level along the pile and 
the structure is the output of the filter. Knowing the input and output, the time varying parameters of the filter can be determined by using the system 
identification method. Once the filter parameters are known, the transfer function, and the kinematic interaction between the soil-pile-structure can 
be detem1ined. 
INTRODUCTION 
The analysis of the kinematic soil-pile-structure interactions has been 
reported in the last twenty years by a number of researchers, including 
Blaney et al (1976), Kaynia & Kausel (1982), Gazetas (1984), Prakash 
eta! (1988), Tazoh eta! (1988) and K. Fan (1992), but a number of 
questions still remain unanswered. 
It is well known that the frequency response function is a good tool to 
interpret the input-output relations and it is usually got by using Fast 
Fourier Transfer (FFT) or Finite Element Modeling (FEM). Unfortu-
nately, Fourier response function is quite sensitive to the level of the 
noise existing in the signals and often contains some false peaks. The 
FEM method is not easy to implement in practice. 
In this paper, an alternative method of describing the soil-pile-struc-
ture interaction is presented. The method is based on the linear discrete 
time system theory, and the soil-pile system can be represented as a 
linear filter of a tinite order with time-varying coefficients. A shaking 
table test record, including the ground motion at the pile tip, the 
ground motion along the pile shaft at different level, the motion at the 
footing, and motion of the superstructure, is used here to calibrate our 
study. The soil-pile interaction study can be proceeded by using the 
ground motion at the pile tip as the input, and the motion at the differ-
ent level along the pile as the output of the filter. The soil-pile-struc-
ture interaction study can be conducted by using the response of the 
structure as the output. and either use the ground motion at the pile tip 
as the input or the motion of the footing as the input. The effect of soil-
pile-structure interaction to the natural frequencies of the pile founda-
tion and the superstructure can be easily found by comparing the two 
different results from the aforementioned cases. Finally, the naturale 
frequency of the pile foundation identified in this study is checked by 
using theoretical formula and also compared with traditional FFT 
results. 
MATHEMATICAL MODELS 
Consider a lumped mass model both for pile and structure under the 
horizontal excitation, the equation of motion may be generalized as 
M)i(t) = F(y(t),y(t),x(t)) (1) 
where y(t) and x(t) denote the output and generalized input including 
the seismic excitation and soil-pile interaction. M is mass matrix for 
pile and structure. 
For discrete series y(t) and x(t), Eq.(l) can be solved by approximating 
the differentials by discrete difference equations, such as the first-dif-
ference of the Tustin's approximation, provided that the sampling 
interval is sufficient small. For zero initial conditions, the result is an 
equation of the following form: 
y ( t) + a: y ( t- I) + ... + an.Y ( t - n.) 
-h "(t) + .. +h,"x(t-nJ (2} 
The time index (t-j) denotes the discrete time t-j~t, where ~t is the 
sampling interval. Eq.(2} is called ARMA model. 
The ratio 
H (z) = (3) 
is called the transfer function of Eq. (2), and the modulus of H(z) 
n (z) = (4) 
is called the spectra ratio of the output over input. 
The first step in applying the methodology outlined above to a practi-
cal problem is to decide on the model order, i.e., the values for n., nb. 
Some prior knowledge is helpful for making this decision, such as the 
fom1 and the order of the governing equations for the system, signal to 
noise ration (SNR}, delay time between input and output, etc. If no 
infonmttion is available, then a straightforward approach is to observe 
the variation of prediction error with different model orders, and then 
choose the model whose residual is wide-sense white stationary and 
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has a nearly steady spectrum. more model validity can be found in 
Bohlin (1987). 
One practical approach to model validity is to look for a model that 
minimizes the information distance (or maximizes the entropy) 
between the model and the true system. The information distance is 
described in tem1s of the probability density functions of the model 
and the true system. This results in the so called Akaike's Information 
Theoretic Criterion, AIC (Akaike, 1988). 
While it was shown that a regularly sampled vibration record is 
exactly characterized by a 2n-2n order ARMA model (Gersch et al, 
I 975), Ger~ch simplifies the problem by noting that the MA parame-
ters contribute very little to the estimates of the structural parameters. 
It was stated that MA parameters provided information only on the 
phase relation of the time series, while the values of the natural fre-
quency and damping ratio depend only on the AR parameters (Chang 
et al., 1982). So, here, we only use AR model to simplify this problem. 
NUMERICAL RESULTS 
A shaking table test was conducted in Japan to carry out the soil-pile-
structure interaction study (see Fig.l ). Fig. 2 show the spectrum of the 
acceleration record under the model number optimized by using AIC. 
As can be seen from Fig.3, most residual spectrum is nearly steady, 
which means the modal order in Fig. 2 is optimism. The kinematic 
interaction study of soil-pile system is conducted herein as shown in 
Fig.4, by using the base excitation Agl as input, and the response of 
the soil along the pile shaft (say, Ag2-Ag6) as output. From Fig.4, we 
may find there are one dominant frequency, 10Hz around, which is of 
most interest. 
The kinematic interaction of soil-pile-structure system is studied in 
two cases. First, the ground surface excitation Ag6 is used as input and 
the response of superstructure as output for the study of soil-structure 
interaction; then. the base excitation Agl is used as input in order to 
study the effect of soil-pile interaction on the kinematic interaction of 
soil-pile-structure system. The results are plotted in Fig.S and Fig.6, 
respectively. 
Compared Fig.S with Fig.6, it is easily to find that Fig.6 has one more 
frequency than Fig.5, which is 16 Hz around. Now, our question is: 
what is the meaning of these number? How to explain them? 
Natural Frequency of S-wave Passing Through Soil 
For one effective soil layer over bedrock, the basic equation linking S-











!=length of the soil 
V. ~S-waVt' v"locity in soil. 
Rel.nn· the pile :tnd thc 'upnstructure is installed into the sand, the 
,,hear vclocih j, mt:asured using plank hammering method, under the 
horimnwl excitation with the magnitude I 00 Gal. The measuring 
shear velocity. Y,, is around 43 - 'd7 m/s, so, 
-+3 ·· R7 
..+X()_<) I I .9 - 24.1 (HZ) . 
On Pile Under Coupling Between Rocking and Translation 
If piles are driven in soft soil and are embedded in sound rock or a 
hard stratum at their tip, we may consider that this stratum is rid. 
Deformations of pile tip do not occur when dynamic loads are trans-
ferred to the pile. The pile can then be considered as an elastic rod 
fixed at its tip (base) and free at the top, with a mass resting on the top 
(Prakash, et al, I 988). 
The undamped natural frequencies of horizontal vibrations of the soil-
pile system were computed by treating it as a case of coupled rocking 
and sliding in the following equation, 
(8) 
in which, W01 and Ctl02 are the two angular natural frequencies in cou-
pled rocking and sliding. 
m =mass of the cap and pile above the mud line 
K, =translation stiffness coefficient 
K 0 =rotational stiffness coefficient 
K,o =cross-stiffness coefficient 
and M
111 
=mass moment of inertia of the pile and pile cap. 
The values nf K,, K.,. K, 0 are obtained as following 
El 





in which. It' =moment of inertia of pile cross-section and, f, 1, f<l>l' f,<~> 1 
are stiffne'' parameter!'. 
From the calculated values of W 0 1• 2 , the two natural frequencies f, 1• 2 
are obtained as 
(l)n I 2 
fnl 2 = -2 . (Hz) 
• 1t 
(12) 
Assuming EP/G,oit = 1000- 2500, from the table (Prakash, et al., 
1988), the parameter of soil-pile system are: 
f, 1 = 0.015 
f<t>J = 0.32 
fx<t>l = -0.05 
For Aluminium material, Poison ratio y = 0.32, and Young's modu-
lus of pile EP = 7.2 x 1 05Kg/ cm2 , and the calculation results are: 
K, 
5.58 X 103 
m 
Kq, 
9.8 X ld 
Mm 
K,<I> ~1.86xl0 1 
mM, 
and the natural frequencies are 
w 1 =64.03 rad/s= 10.2 (HZ) 
w2 =I 01.5 rad/s= 16.16 (HZ) 
The above calculation results show us that how strong the effect of 
soil-pile interaction to the natural frequency of the sand will be, which 
reduced to around 10 Hz after soil-pile interaction from the original 
value between 11.9 to 24.1 Hz without the interruption of pile and 
superstructure. Same conclusion may extended to the natural fre-
quency of the superstructure, which is decreased remarkably from 24;5 
Hz originally to 16 Hz around due to the strong soil-pile-structure 
interaction. Relatively. the fom1ula for the end-bearing pile consider-
ing the coupling between the rocking and translation may give more 
reasonable estimation of the natural frequencies for the whole soil-
pile-structure, the first one coincides with the identified natural fre-
quency of the shear wave passing through the sand where the interac-
tion is undertaking, while the other representing the natural frequency 
of the superstructure under the soil-pile-structure interaction. This may 
be explained by the fact that the stiffness of the pile is relatively rigid 
than those of sand and superstructure, it works to constrain the input 
ground motion which has spatial variation in both phase and amplitude 
around the foundation during eanhquake. This phenomena is quite 
imponant to seismic resistant designer. 
Fig.7 and Fig.8 show us some results by using FFT and their compari-
son with the methods we used here. Obviously, the results from FFT 
have many false peaks, and the curve are much sharper than what we 
already got. 
CONCLUSIONS 
In this paper, the spectral study of soil-pile-structure interaction is con-
ducted in terms of frequency response function using shaking table test 
data. Compared with the Fourier response function, the frequency 
response function using AR model and identification method may give 
the dominant natural frequency more exactly and more clearly. The 
identified natural frequency identified in this paper get good agree-
ments with those from theoretical formula. It is also found that the 
soil-pile-structure system is dominated by two frequencies, one repre-
senting the velocity of the shear wave passing through the sand stra-
tum, and the other representing the natural frequency of 
superstructure, which is reduced around 20% under soil-pile-structure 
interaction. 
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Fig.5 Frequency Resp0nse Func1i0n 0f S0il-Structure System 
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Fig.6 Frequency Response Function of Soil-Pile-Structure System 
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